Introduction {#sec0005}
============

'Where nature finishes producing its own species, man begins, using natural things and with the help of this nature, to create an infinity of species.' Just as the scientist/artist Leonardo da Vinci said, nanoscience is always exciting the imagination of biologists and biotechnologists [@bib0005]. New-found nanomaterials are especially providing fascinating opportunities for biotechnological development because of their unique structures, components and properties [@bib0010]. Hence, the advancement of nanomaterial research plays an essential role in the exploration of the biochemical and nanotechnological fields [@bib0015]. Today, impressive achievements have been made at the cross-section of nanotechnology and biotechnology by employing modern nanomaterials as elements to generate mechanical, optical, and electronic devices and biosensors [@bib0020], [@bib0025], [@bib0030].

Graphene, a free-standing 2D crystal with one-atom thickness, has become one of the hottest topics in the fields of materials science, physics, chemistry, and nanotechnology [@bib0035]. This allotrope of carbon comprises layers of six-atom rings in a honeycombed network and can be conceptually viewed as a true planar aromatic macromolecule [@bib0040]. As a basic building block of other carbon allotropes, graphene can be wrapped to generate 0D fullerenes, rolled up to form 1D carbon nanotubes, and stacked to produce 3D graphite [@bib0045] ([Figure 1](#fig0005){ref-type="fig"}a). Although graphene is the fundamental basis of different carbon forms, it was first prepared unambiguously in 2004, 440 years after the invention of graphite, by peeling a single layer of graphene using sticky tape and a pencil [@bib0050]. During the past several years, various methods for producing graphene have been developed, such as micromechanical exfoliation, chemical vapour deposition, epitaxial growth, and chemically synthesis (see [Box 1](#tb0005){ref-type="boxed-text"} for more details). Graphene samples produced by chemical method are also called chemically modified graphene (CMG). Here, we use graphene and graphene-based nanomaterial to define the graphene materials referred to in this review.Figure 1**(a)** The epitome of graphite forms. Graphene is a 2D building material for carbon materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes, or stacked into 3D graphite [@bib0060]. **(b)** Schematic image representing the loading of doxorubicin (DOX) and camptothecin (CPT) onto FA-modified NGO. The NGO is functionalized with sulfonic acid groups to form NGO--SO~3~H, which render it stable in physiological solution. NGO--FA was prepared through formation of an amide bond by the reaction between the NH~2~ groups of FA and COOH groups of NGO--SO~3~H. Finally, two anticancer drugs, DOX and CPT were conjugated onto the FA--NGO *via* π--π stacking and hydrophobic interactions [@bib0345]. **(c)** Electronic dispersion in graphene. Left: energy spectrum (in units of t) for finite values of t and t′, with t=2.7 eV and t′= --0.2t. Right: magnified image of energy bands close to one of the Dirac points [@bib0055]. **(d)** PEG modification of NGO: photos of (i) GO and (ii) NGO--PEG in different solutions recorded after centrifugation at 10 000 times gravity for 5 min. GO crashed out slightly in PBS and completely in cell medium and serum (top panel). NGO--PEG was stable in all solutions; Atomic force microscopy (AFM) images of (iii) GO and (iv) NGO--PEG [@bib0335]. Reproduced with permission from [@bib0055], [@bib0060], [@bib0335], [@bib0345].Box 1Methods for production of graphene and graphene-based nanomaterialsGraphene was first prepared in 2004 by peeling a single layer of graphene using sticky tape and a pencil [@bib0050]. During the past several years, various methods for producing graphene have been developed, such as micromechanical exfoliation, epitaxial growth or chemical vapour deposition (CVD) epitaxial growth, and chemical synthesis from graphite.The sticky tape and pencil strategy is also considered as the micromechanical exfoliation or peel-off method, which can be used successfully against the strong exfoliation energy of the π-stacked layers in graphite, to produce pure and single-layered graphene sheets with a honeycomb lattice. However, this process has a disadvantage in terms of yielding small samples. A method of liquid phase exfoliation of graphite in surfactant/water solutions has been demonstrated recently. This method produces graphene that consists of 40% of sheets thinner than five layers and about 3% monolayers [@bib0360].Graphene synthesis by epitaxy on transition metals has been reported. For example, epitaxial growth of single- and multi-layered graphene epitaxy on Ru (0001) has been observed by *in situ* surface microscopy, with characterization by electron scattering and microscopy [@bib0365]. CVD epitaxial growth is another approach for production of graphene, by dissolving carbon into a nickel substrate, and then forcing it to precipitate out by cooling the nickel. The thickness and crystalline ordering of the precipitated carbon is controlled by the cooling rate and concentration of carbon dissolved in the nickel. After chemical etching of the nickel, the graphene membrane detaches and can be transferred to another substrate [@bib0370].Chemical synthesis of graphene from graphite is becoming a promising method with some advantages such as scalable, high-volume production and ease of chemical modification. However, the chemical approach does introduce some defects in graphene during the oxidation or reduction steps, and results in structural damage of the graphene. Hence, graphene produced by chemical methods is also called CMG in some reports and reviews [@bib0375]. Here, we use the terms graphene and graphene-based nanomaterial. Briefly, the chemical method for graphene production involves initial oxidation of graphite to graphite oxide, followed by mechanical or thermal exfoliation of graphite oxide to GO sheets. GO sheets are hydrophilic, oxygenated graphene sheets and graphite oxide is a layered material that consists of GO sheets, which bear oxygen functional groups on their basal planes and edges. To derive graphene from GO, chemical reduction is the final step to remove the functional groups, which makes the product strongly hydrophilic. Reduction of GO to graphene can be carried out by using reducing chemical agents such as hydroquinone, dimethylhydrazine and hydrazine hydrate, electrochemical reduction [@bib0380], thermal reduction [@bib0385], and photocatalytic reduction [@bib0390].

Although it is considered as the basic block of carbon allotropes, graphene exhibits distinctly different properties, such as its unusual structural characteristics and electronic flexibility [@bib0055], [@bib0060], [@bib0065]. Other extraordinary properties include high planar surface (calculated value, 2630 m^2^/g) [@bib0070], superlative mechanical strength (Young\'s modulus, ∼1100 GPa) [@bib0075], unparalleled thermal conductivity (∼5000 W/m/K) [@bib0080], and remarkable electronic properties. Typically, the notable electronic characteristics of graphene are a high integer quantum Hall effect at room temperature [@bib0085]; a Dirac fermion system with linear energy dispersion [@bib0090]; an ambipolar electric field effect, along with ballistic conduction of charge carriers [@bib0095]; and electron-hole symmetry and freedom internal degree [@bib0100]. For example, electronic dispersion in the graphene lattice is shown in [Figure 1](#fig0005){ref-type="fig"}c. According to the linear dispersion of the electron energy (E) with respect to the wave vector (*k*), the Dirac equation that describes the linear E-*k* relation is $E = \hslash\nu_{F}\sqrt{k_{x}^{2} + k_{y}^{2}}$, where the Fermi velocity *v* ~*F*~ is about 106 m/s. It is expected that quasiparticles in graphene behave differently from those in conventional metals and semiconductors, which exhibit a parabolic dispersion relation [@bib0105]. Specific information on graphene synthesis, as well as its chemical and physical properties, has been discussed in several reviews [@bib0030], [@bib0035], [@bib0045], [@bib0065], [@bib0110], [@bib0115], [@bib0120].

As a result of the unique chemical and physical properties mentioned above, graphene and graphene-based nanomaterials have attracted strong interest in biological studies [@bib0125], [@bib0130], [@bib0135], [@bib0140]. Various graphene-based nanomaterials [@bib0145], [@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0170] have been used to fabricate functionalized biosystems integrated with nucleic acids (NAs), peptides, proteins and even cells. Moreover, the discovery of the adsorption of single-stranded DNA (ssDNA) onto graphene sheets, the ability of graphene to quench electron donors, the ability of graphene to protect biomolecules from enzymatic cleavage, as well as transportation capability in living cells and *in vivo* systems, have revealed the potential for graphene application in biological studies and biotechnology.

Graphene, graphene oxide (GO), CMG and graphene derivates are promising candidates in biotechnology development, therefore, this review selectively summarizes approaches that are currently emerging at the intersection of graphene-based nanomaterials and biotechnological investigations. We first describe the achievements of graphene-based functional biosystems because the combination of graphene and biomolecules introduces graphene into biotechnology. Fluorescence resonance energy transfer (FRET) biosensors based on graphene and its derivates are then discussed, with the sensing applications ranging from small molecules and DNA to proteins and cells. Moreover, recent achievements using graphene as an advanced transporter for drug delivery, as well as bioimaging in living cells, are summarized at the end of this article.

Biofunctionalization of graphene and graphene-based nanomaterials {#sec0010}
=================================================================

Parallel with the advancement of nanomaterial science and biotechnology, various nano/bio interfaces have been realized in the areas of biological device design, biomolecule detection, bioassays, and molecular medicine [@bib0175], [@bib0180], [@bib0185], [@bib0190], [@bib0195]. Graphene has been employed as a substrate to be interfaced with various biomolecules and cells ([Figure 2](#fig0010){ref-type="fig"} ). Biological modification in turn benefits graphene by improving its biocompatibility, solubility and selectivity. Hence, several studies have focused on graphene modification and functionalization (reviewed in [@bib0110]). For the purpose of this review, biofunctionalization approaches for graphene are separated into two categories: functionalization with DNA and proteins. Tandem functionalization with DNA and protein, as well as functionalization with other biomolecules is also briefly mentioned.Figure 2Graphene and its derivatives have been reported to be functionalized with avidin--biotin, peptides, NAs, proteins, aptamers, small molecules, bacteria, and cells through physical adsorption or chemical conjugation. The functionalized graphene biosystems with the unique properties have been used to build up biological platforms, biosensors, and biodevices.

Biofunctionalization with DNA {#sec0015}
-----------------------------

The large 2D aromatic surface of graphene makes it an ideal substrate for adsorption of certain biomolecules. Importantly, ssDNA can be strongly interfaced onto the graphene surface. In particular, the tethering process of ssDNA on graphene is preferential on thicker sheets (∼8 nm), and on wrinkled rather than flat surfaces of chemically modified graphene. Patterning ssDNA on graphene layers increases the hole-density in the graphene layer in the order of 5.61×10^12^/cm^2^. The resultant ssDNA--graphene biointerface has been used in a field-effect transistor (FET) for the label-free, reversible detection of complementary ssDNA [@bib0200]. Through a self-assembly process under strong ultrasonication, monolayers of ssDNA molecules have been adsorbed on both sides of graphene sheets by π--π stacking [@bib0205]. In another example, graphene adsorbed with ssDNA has been used directly for the study of surface-enhanced laser desorption ionization time-of-flight mass spectrometry (SELDI-TOF-MS) [@bib0210]. Graphene efficiently preconcentrated the ssDNA and served as a direct platform for SELDI-TOF-MS analysis. Another elegant approach of graphene tethering with DNA includes formation of nanoparticles (NPs) decorated with graphene biosystems. Thiolated ssDNA is first adsorbed onto GO sheets. The resultant thiol-DNA--GO sheet is used as a 2D bionanointerface for assembly of gold NPs. Furthermore, the gold NPs maintain optical properties after assembly [@bib0215].

Biofunctionalization with proteins {#sec0020}
----------------------------------

As a result of their varied surface functional groups and secondary structure, proteins can exfoliate and modify graphene through physical adsorption or chemical bonding. Graphene and GO have been tethered with various proteins, which results in biosystems with unique properties. For example, an enzyme immobilization matrix based on GO has been reported [@bib0120]. It has been found that horseradish peroxidase (HRP) and lysozyme can be spontaneously immobilized on GO because the individual GO sheet is enriched with oxygen-containing groups, which makes it possible to immobilize enzymes without any surface modifications or coupling reagents [@bib0220]. To monitor protein adsorption on graphene further, an electrolyte-gated graphene FET has been built using single-layer graphene as a channel [@bib0225].

Exfoliation and functionalization of graphene can be accomplished with interfacial engineering by hydrophobin; a microbial adhesion protein [@bib0230]. Exfoliation might also be carried out in future studies by using proteins with specified functionality, such as antibody/antigen or biotin/avidin. NPs have been introduced into graphene that has been previously modified with proteins. An adhesive-protein-functionalized graphene nanosheet with the electrostatic assembly of various metallic NPs (e.g. Au, Pt, Ag, Pd) or latex NPs has been reported. As a result of the tunable amphiphilic feature of bovine serum albumin (BSA) according to the solution pH, the hydrophobic and hydrophilic patches on the BSA surface can be switched easily. At a suitable pH and reaction temperature, various positive- or negative-charged NPs can be decorated on the BSA--graphene biointerface based on the electrostatic adherence [@bib0235].

Tandem DNA and protein biofunctionalization {#sec0025}
-------------------------------------------

DNA and protein can be incorporated in tandem with graphene biofunctionalization. As an example, an ssDNA--protein--graphene composite has been fabricated [@bib0205]. ssDNA was first co-assembled with graphene sheets. Then, an interlayer of the ssDNA-stabilized graphene sheet was expanded by positively charged cytochrome *c* (a redox protein). As a result, a multi-layered protein--DNA--graphene nanocomposite was obtained. In a recent study, HRP has been immobilized on ssDNA--graphene sheets to create an HRP--ssDNA--graphene-coated electrode [@bib0240]. Such an electrochemical biosensor has been demonstrated with a wider linear relationship of hydrogen peroxide sensing (115.5--9.25 mM), which could be used to study the mechanism of enzyme direct electrochemistry. However, more effort is desired in this field because it is still a problem how to realize a practical electrochemical biosensor based on the DNA--graphene--enzyme biosystem, how to maintain enzyme activity on the modified electrode, and how to carry out real sample detection.

Biofunctionalization with other biomolecules {#sec0030}
--------------------------------------------

Other biomolecules, such as peptides and cellulose, have also been used to functionalize graphene. A synthetic approach for producing a diphenylalanine-modified graphene core/shell by single-step solution processing has been proposed [@bib0245]. The reduced monolayer graphene sheets decorated with chemical functionalities such as epoxide, hydroxyl and carboxylic acid groups were dispersed in aqueous medium. Then, peptide/graphene core/shell nanowires were immediately created as soon as an organic peptide solution (100 mg/ml solution of diphenylalanine in 1,1,1,3,3,3-hexafluoro-2-propanol) was diluted in aqueous graphene dispersion under mild mechanical shaking. The diameter and graphene-shell thickness of the prepared nanowire were 400 nm and 10 nm, respectively. Moreover, biologically compatible and biodegradable natural polymeric dispersants, such as lignin and cellulose derivatives, have been employed to fabricate high-concentration and stable aqueous suspensions of graphene nanosheets, which exhibit advanced priorities compared with some general chemical agents. The resultant suspensions of graphene nanosheets are stable in water at high concentrations (0.6--2 mg/ml) [@bib0250]. Such nanosheets can be used as the loading platform for enzymes or biomarkers in biosensors, or the carriers of NAs or drugs in therapy studies.

Graphene-based FRET biosensors {#sec0035}
==============================

There is increasing interest in the use of graphene for the development of FRET biosensors ([Figure 3](#fig0015){ref-type="fig"} ). FRET involves the transfer of energy from a donor fluorophore to an acceptor fluorophore, and is one of the advanced tools available for measuring nanometer-scale distance and changes, both *in vivo* and *in vitro* [@bib0255]. Recent theoretical and experimental studies have shown that graphene can be a highly efficient quencher for various organic dyes and quantum dots (QDs) [@bib0065]. Compared with organic quenchers, graphene has shown superior quenching efficiency for a variety of fluorophores, with low background and high signal-to-noise ratio, as well as other advantages derived from the nanomaterial itself, such as protection from enzymatic cleavage [@bib0260], [@bib0265]. Graphene and GO have been reported to interact strongly with NAs through π-- π stacking interactions between the ring structures in the NA bases and the hexagonal cells of graphene and GO; whereas double-stranded DNA (dsDNA) cannot be stably adsorbed onto the surface because of efficient shielding of nucleobases within the negatively charged dsDNA phosphate backbone [@bib0270], [@bib0275]. The development of graphene-based FRET biosensors has been motivated greatly by reliance on this particular principle and integrating it with the advantages of graphene. Here, we selectively summarize recent progress in biosensors that integrate the super quenching property of graphene and the recognition properties of NAs ([Table 1](#tbl0005){ref-type="table"} ).Figure 3Principles of graphene-based FRET biosensors. ssDNA, aptamers and MBs can be adsorbed onto the surfaces of graphene or graphene derivates (which also possess a planar surface and 2D structure). Fluorophore labels on the ends of probes are quenched rapidly when adsorbed onto the graphene surface. When analytes (e.g. cDNA, thrombin and a designed complementary ssDNA or functional NAs like survivin mRNA [@bib0325]) are introduced into the systems and bind their probes (ssDNA, aptamer and MB, respectively), the probe fluorescence is recovered, thus allowing detection. Conversely, dsDNA remains fluorescent before an enzyme (e.g. helicase) is introduced; ssDNA is then released, and fluorophore on the ssDNA is quenched by graphene-based nanomaterials.Table 1FRET biosensors fabricated with graphene-based nanomaterialsGraphene categoryProbe typeProbe sequenceTargetLOD (nM)RefsGraphenessDNA5′-FAM-AATCAACTG GGA GAA TGTAACTG-3′cDNAN/A[@bib0260]Graphene oxidessDNA5′-FAM-AGTCAGTGTGGAAAATCTCTAGC-3′cDNAN/A[@bib0270]Graphene oxideAptamer5′-FAM-TCTCTCAGTCCGTGGTAGGGCAGGTTGGGGTGACT-3′Human thrombin2.0[@bib0270]Graphene oxidessDNA and dsDNA5′-FAM-GGAATTCTAATGTAGTATAGTAATCCGCTC-3′ 5′-(T)~15~GAGCGGATTACTATACTACATTAGAATTCC-3′SCV helicase0.625[@bib0275]Graphene oxidessDNA5′-FAM- TCGTTGGAGTTTGTCTG-3′ 5′-Cy5-CCCTAATCCGCCCAC-3′ 5′-ROX-CCTGGTGCCGTAGAT-3′cDNA0.1[@bib0280]Graphene oxideHairpin-structured DNA5′-Dabcyl-CGACGGAGAAAGGGCTGCCACGTCG-FAM-3′cDNA2.0[@bib0295]Graphene oxideAptamer5′-FAM-CTCTCTTCTCTTCATTTTTCAACACAACACAC-3′Silver (I) ions5[@bib0300]SDBS-grapheneAptamer5′-FAM-GGTTGGTGTGGTTGG-3′Bovine thrombin0.0313[@bib0305]Graphene oxideMB5′-Dabcyl-CGACGGAGAAAGGGCTGCCACGTCG-Cy5-3′survivin mRNAN/A[@bib0320]Graphene oxidessDNA5′-H~2~N-(T)~6~GCACACGCGCAC-3′Au NP-labeled cDNA200[@bib0355][^1]

DNA detection {#sec0040}
-------------

The first graphene-based FRET biosensor included a fluorescein amidite (FAM)-labeled ssDNA adsorbed onto GO [@bib0270]. As a result of the FRET effect between FAM and GO, fluorescence is quenched rapidly; however, binding between probe ssDNA and a complementary ssDNA alters the conformation, and consequently, releases FAM--ssDNA from the GO surface and results in fluorescence recovery. Detection of cDNA is therefore realized. Similarly, multicolor DNA analysis has been accomplished with graphene-based FRET biosensors [@bib0280]. The planar GO surface allows simultaneous quenching of multiple ssDNA probes labeled with different dyes, which leads to a multicolor sensor for the detection of multiple DNA targets. In this case, a graphene-based FRET biosensor is able to detect different DNA targets with various sequences by using ssDNA probes with different sequences. In another example, a graphene-based FRET platform has been developed for detection of helicase-mediated unwinding of duplex DNA [@bib0275]. By reliance on the preferential binding of GO to ssDNA over dsDNA, the dsDNA substrate that contains a fluorescent dye at the end of one strand is prepared first. As helicase unwinding of dsDNA proceeds, the fluorescence decreases and is quenched completely because of strong interaction of GO with unwound ssDNA. Helicase activity can thus be monitored in real time.

To enhance the sequence-specific detection of target DNA, molecular beacons (MBs) have been employed to fabricate graphene-based FRET biosensors [@bib0285]. Typically, the two ends of an MB are labeled with a fluorophore and a quencher. MBs do not fluoresce until they have hybridized with the target NAs. The unique thermodynamics and specificity of MBs have led to their broad application in biotechnology [@bib0290]. However, the dual labeling limits the preparation of MBs, and variable or residual fluorescence can limit detection sensitivity. In studies of MB-based FRET biosensors, graphene can serve as a nanoquencher for fluorophores as well as a nanoscaffold for MBs. The incorporation of graphene into a MB-based FRET biosensor not only provides a more convenient synthesis/purification protocol compared to conventional MBs, but also improves the sensitivity. As an example, GO has been employed as the 'nanoquencher', with increased sensitivity and single-base mismatch selectivity for target DNA [@bib0295]. An MB-based GO FRET biosensor has also been integrated with QDs as fluorophores owning to its broad absorption and narrow emission spectra [@bib0290]. The MB-QD GO-based FRET biosensor has displayed good selectivity and high sensitivity, with a detection limit for target cyclin DNA of 12 nM ([Table 1](#tbl0005){ref-type="table"}), and could be used for quantification of NAs and for single nucleotide polymorphism analysis.

Ion, small molecule, and protein detection {#sec0045}
------------------------------------------

Aptamers are selected single-strand oligonucleotides isolated from random-sequence DNA or RNA libraries by an *in vitro* selection process. Aptamers boast high specificity to a wide range of targets, which is advantageous for many bio-analytical applications (reviewed in [@bib0265]). By using aptamers as probes, we can extend the targeting field of graphene-based FRET biosensors from DNA to ions, small molecules, and proteins. Ag^+^ ion detection has been realized by using GO and an Ag^+^-specific aptamer [@bib0300]. The target-induced conformational change of the aptamer leads to the recovery of FAM fluorescence. Ag^+^ ions can be easily differentiated when some other metal ions are present with a 10-fold higher concentration, which demonstrates a sensitive responding ability of the proposed graphene FRET biosensor. Another highly specific FRET sensor has been developed for detection of bovine thrombin, based on a dye-labeled aptamer probe and graphene [@bib0270], [@bib0305]. To obtain a good water-dispersion graphene sample, sodium dodecyl benzene sulfonate (SDBS) has been used for the chemical reduction of graphite oxide to produce SDBS-graphene [@bib0305]. Thrombin aptamer labeled with FAM was first incubated with SDBS--graphene. When thrombin was introduced into the aptamer/graphene solution, obvious fluorescence recovery was observed. This is mainly due to the quadruplex structure formed by thrombin and its aptamer, which owns the weak affinity to graphene. The graphene-based FRET aptasensor has a sensitive detection ability for thrombin in buffer (down to 31.3 pM) and in serum solutions ([Table 1](#tbl0005){ref-type="table"}). The graphene-based FRET aptasensor has exhibited an extraordinary response in buffer and serum solutions.

Graphene-based biotechnology for living cell studies {#sec0050}
====================================================

As outlined above, the unique ability of DNA adsorption, super quenching capacity, and protection from enzyme cleavage have resulted in graphene being a robust artificial nanomaterial in biotechnology, and a novel candidate to be utilized in biomedical investigations, including *in vivo* targeting of cellular ATP and *in situ* localization of mRNA, real-time monitoring, drug delivery, and cell imaging. In this section, we selectively emphasize such applications of graphene and graphene-based nanomaterials in living cells.

Cellular probing and real-time monitoring {#sec0055}
-----------------------------------------

An aptamer--FAM/GO nanosheet (aptamer--FAM/GO-nS) complex has been designed for *in situ* molecular probing of ATP in JB6 Cl 41-5a mouse epithelial cells [@bib0315]. The aptamer--FAM/GO-nS complex, coupled with a wide-field fluorescence microscope, serves as a real-time sensing platform ([Figure 4](#fig0020){ref-type="fig"} ). ATP recognition by the ATP aptamer has been used as a model system to elucidate certain properties and advantages of the GO nanosheet: (i) GO-nS can serve as a transporter of DNA aptamers into living cells; (ii) GO-nS shows efficient protection of oligonucleotides from enzymatic cleavage during delivery to inter- or intracellular spaces; and (iii) GO-nS can act as a real-time sensing platform in living cells with high fluorescence quenching efficiency [@bib0315]. The capability of graphene for DNA protection from cleavage during cellular delivery has indeed been demonstrated: MBs can be used as oligonucleotide probes in conjunction with GO-nS to deliver DNA to HeLa cells [@bib0320].Figure 4Design of aptamer-carboxyfluorescein/GO-nS (aptamer-FAM/GO-nS) used for preliminarily investigation of the ability to probe living cells at the molecular level. A FAM-labeled ATP aptamer was first incubated with GO-nS to produce the aptamer-FAM/GO-nS nanocomplex. Then, the nanocomplex was cultured together with JB6 cells and observed with a wide-field microscope. Significant FAM fluorescence could be observed for JB6 cells incubated with aptamer-FAM/GO-nS, which indicated successful intracellular aptamer delivery and ATP probing in living cells. As controls, JB6 cells were also cultured with or without random DNA-FAM/GO-nS as well as with ATP aptamer--FAM or GO alone, and almost no fluorescence signals were observed in the control samples. These results demonstrate that GO-nS is an efficient cargo for DNA transport through cell membranes. Reproduced with permission from [@bib0315].

Graphene FET for living cell detection {#sec0060}
--------------------------------------

Nanomaterial-based FETs have been proven to be powerful building elements for nanoscale bioelectronic interfaces with cells and tissues, owing to their ability to form coupled interfaces with cell membranes. Graphene-based FETs have been reported in recent studies as promising chemical and biological sensors in living cells [@bib0325], [@bib0330]. For example, a graphene-based FET has been used to investigate electrogenic cells [@bib0325]. The FET conductance signals that are recorded from beating chicken embryonic cardiomyocytes yields well-defined extracellular signals with a signal-to-noise ratio routinely above 4, which exceeds typical values for other planar devices. A graphene-based FET (with active channel of 20.8 × 9.8 μm) has also been used as a biosensor to detect hormonal catecholamine molecules in neuroendocrine PC12 rat adrenal medulla cells [@bib0330]. This patterned GO film-based FET has realized the label-free and real-time monitoring of catecholamine secretion from living cells.

Drug delivery and cell imaging {#sec0065}
------------------------------

Another exciting area of graphene research is drug delivery in living cells. For instance, modified GO has been investigated as a cargo for the delivery of water-soluble cancer drugs [@bib0335]. Nanoscale GO (NGO) was first functionalized with polyethylene glycol (PEG) to render high solubility in aqueous solutions, as well as stability in physiological solutions, such as serum. A water-insoluble aromatic molecule, SN38, has been attached to PEGylated NGO (NGO-PEG). Finally, the NGO-PEG--SN38 complex exhibits high potency with IC~50~ values of 6 nM for HCT-116 human colon cancer cells, which is 1000-fold more potent than camptothecin (CPT-11), and has similar potency to that of free SN38 [@bib0340]. To enhance the loading efficiency and targeting ability of anticancer drugs, NGO can be covalently modified with folic acid (FA) [@bib0345]. Controlled loading of two anticancer drugs, doxorubicin and CPT-11 onto the FA-conjugated NGO (FA-NGO) has been investigated. In this case, FA-NGO loaded with the two anticancer drugs shows specific targeting to MCF-7 human breast cancer cells and remarkably high cytotoxicity compared to unmodified NGO loaded with doxorubicin or irinotecan. In a final example, PEG-modified nanoscale graphene sheets (NGSs) have been prepared, and the strong optical absorbance of NGSs in the near-infrared region has been utilized to achieve ultra-high *in vivo* tumor uptake of anticancer drugs, which can be used for photothermal therapy of cancer [@bib0350]. The behavior of PEGylated NGSs in mice has been studied by fluorescence imaging, and surprisingly high tumor accumulation was observed. NGSs with a biocompatible coating might therefore constitute a novel type of 2D nanomaterial with great potential in cancer therapy. With the success of the above studies, it is likely that graphene-based nanocarriers will find widespread application in biomedicine in the future.

Concluding remarks {#sec0070}
==================

As a result of the fascinating properties of graphene, with respect to structures that can be oriented and surfaces that can be modified, we believe that it offers some important advantages for biotechnological applications, especially in the areas of bioelectronics, biosensors and medicine. However, the merging of graphene and biotechnology is in its infancy, with many challenges remaining. Control of the size and number of single layers of graphene separated from bulk graphite might be the foremost challenge for the application of graphene as the building block of functionalized biosystems. Pristine graphene possesses a super quenching ability for FRET applications, but it is highly hydrophobic. Likewise, GO has been widely used in the fields of FRET biosensor studies because of its good solubility, but it is lack of super fast electron transfer. Preparation of soluble, well-defined graphene or graphene derivates with high quenching efficiency is another challenge. Cytotoxicity, the cellular uptake mechanism, and the intracellular metabolic pathway of graphene and its derivates remain almost unknown, which are highly important research areas and are crucial if we are going to use graphene in living cell studies and for *in vivo* applications.

Furthermore, although non-covalent adsorption between ssDNA and graphene is considered as a prior principle, we think the novel graphene-based FRET biosensors based on covalent binding or other binding forms will be one probable direction for future research. Many promising results about graphene chemistry have been produced in the past several years, which might open a new stage for the modification and functionalization of graphene with biomolecules. In our opinion, more novel designs for graphene-based FRET are highly desired for future studies. Such exploration will benefit the FRET biosensor field, and provide better ideas for the applications of graphene in biotechnology *in vitro* and *in vivo*, such as graphene-based cellular probing, diagnostics, drug delivery, and therapy.
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[^1]: Abbreviations: Cy5 a reactive water-soluble fluorescent dye of the cyanine dye family; ROX: reference dye from Invitrogen; SCV: severe acute respiratory syndrome coronavirus.
